: w . INTRODUCTION 21 The thermodynamics of the silicon-oxygen (Si-O) system are 22 extremely important in understanding and improving the 23 growth of silicon monos crystals grown by the Czochralski 24 (Cz) method for the semiconductor industry. In t..1tese systems 25 the transport of oxygen in the silicon melt to the crystal growth 26 interface plays an important role in the final properties of the 27 resulting silicon wafers. 1 One of the challenges of growing 28 larger crystals via the Czochralski process is the attack of the 29 molten silicon on the silica glass crucible that occurs during the 30 longer process times required for these larger crystalS.z,3 These 31 pits form as small particles break off from the crucible and may 32 be transported to the crystal interface J fOrming dislocations. 33 Another potential problem is that the silicon monoxide (SiD) 34 gas liberated during the crystal growth may condense above the 35 melt, fOrming depOSits that could potentially fall back into the 36 melt and also contaminate the growing crystal.
3 Data on the 37 silicon-silica system and the vapor pressure of SiO over such a 38 mixture can be useful in modeling and optimizing Cz-Si 39 growth. 4 ,5 40 Another area in which the properties of the Si-D system are 41 important is the modeling of grain formation in stellar outflows. 42 One of the most abundant species in the outflows of oxygen- 43 rich, asymptoptic giant branch (AGB) stars is believed to be 44 silicon monoxide. Despite its relatively high abundance J 45 previous models of these outflows seem to indicate that silicon 46 monoxide would not appreciably nucleate until approximately 47 600 I\. well below the observed formation of silicate grains 48 above 1000 K in these oxygen-rich stars.
6 Therefore, other less 49 abundantJ but more refractory species were theorized to form a ~ ACS Publications It) XXXX American Chemical Society A seed nucleus upon which silicon monoxide could later 50 condense. 51 In a previous work, the vapor pressure and evaporation 52 coefficient of silicon monoxide over amorphous silicon 53 monoxide powder was measured? These data coupled with 54 previous measurements of SiD vapor pressure showed that the 55 actual vapor pressure of SiD at approximately 1000 K and 56 below was much lower than the expression that had been 57 previously used in modeling SiO nucleation and growth,8,9 58 thereby greatly increasing the possibility that SiD is the initial 59 condensate in oxygen-rich, stellar outflows_lO 60 In this earlier work, both the evaporation coefficient and the 61 vapor pressure of SiD(g) over SiO(am) were measured In this 62 present study, these same quantities are measured for the 63 follOwing reaction:
In both the case of this silicon and silica reaction as well as the 65 sublimation of amorphous silicon monoxide, the product is 66 silicon monoxide gas. Brewer and Edwards reviewed the 60;-available thermodynamic and spectroscopic data on the 68 silicon-oxygen system and concluded that the reaction given 69 by eq 1 yields virtually pure silicon monoxide gas and that this 70 gas is a monomer. I I Later, this thermodynamic assessment was 71 experimentally proven by Porter et al.
12 Using mass 72 spectrometry, these authors were able to verify that the 73 predominant species in the vapor over eq 1 was silicon 74 After curing, the cell would be placed on the sample side of the 146 balance within the furnace tube and evacuated for 24 h at room 147 temperature. The sample was then heated to various temper-148 atures, and the mass of the sample cell was continuously 149 monitored, taking temperature and mass measurements twice ISO per second. 151 In the same manner as was done for a previous study with 152 silicon monOxide, after a run of 2 min, averages of the resulting 153 large data set were taken for both the temperature and the mass 154 data points. These data were then processed by a computer 155 program to calculate the mass loss rates as a function of 156 temperature. In this program, the temperature data were {57 searched for regions where the temperature remained 158 essentially constant. For these isothermal periOds, the rates of 159 mass loss were constructed from these 2 min averages. All of 160 these values for an isothermal period were then averaged, and 161 the standard deviation of this mean value was then used as an 162 estimate of the uncertainty in this mass loss rate and used in the 163 calculation of the vapor pressure. 164
" • EXPERIMENTAL APPARATUS AND PROCEDURE
• VAPOR PRESSURE CALCULATION
165
The measured vapor pressure, P mJ is related to the mass loss 166 rate, m, via the Hertz-Knudsen equation:
where B is the cross-sectional area of the effusion orifice, R is 168 the gas constant, T is the temperature of the gas, and ~ is the 169 (7) 193 In this equation the impedance of the flow of molecules to the 194 effusion orifice height is included in the term given by W AI the 195 Clausing factor for the cell. 'The term, P eq) is the true, 196 equilibrium vapor pressure, a, is the evaporation coefficient, 197 and the tenn f is a factor related to the cell geometry and is '" given by
WsB f = -
Ai: (8) 199 where A is the cross-sectional area of the cell and k is thc ratio 200 of the effective evaporation surface area to the cell cross-:m sectional area. Therefore) the product Ak gives the actual :w:z evaporation surface area. In general, k is very difficult to 203 accurately quantify and will depend upon a variety of factors 204 including the packing of the sample, how finely divided the 205 sample is} and so forth. In this current work, the value of k is 206 assumed to be 1. In experiments with low evaporation coefficients, this value, 108 a) can be estimated by rearranging eq 7 to are, strictly speaking, lea products, and this should be noted '" when comparing evaporation coefficient data from other 2.2.4 experimental works.
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• ESTIMATION OF EXPERIMENTAL UNCERTAINTIES 2,.
The estimated uncertainties in the current work are similar to 227 those for a previous work with silicon monoxide, and the reader 228 is referred to this work for more detail.' As noted in the 2-29 previous section, values of the equilibrium vapor pressure and 1.30 evaporation coefficient are taken from plots of P!n versus P m.I at 231 particular temperatures for different effusion orifices. Un-232 certainties in these quantities arise from the measured 233 temperature, the measured mass loss rate! and cell geometry 234 (ceD wall thickness, orifice diameter).
235
Typical uncertainties for a type-B thennocouple in the 13!i experimental temperature range are ± 5 1<, and these values are 137 used in this work. As in the case of experimental runs with 238 silicon monoxide, the accuracy of the thermocouple was 239 checked against the melting point of a sample of pure copper 24(J with the thermocouple falling within this ± 5 K-band of the "'I copper fusion temperature. 7 242
Factors related to cell geometry include the orifice diameter, 243 the depth of the effusion orifice, and the interior cell geometry. 244 The effusion orifice was measured using a microscope and an 245 accurate, moveable stage, and these measurements were 246 estimated to be accurate to within ± 0.02 mm.. The wall 247 thickness at the effusion orifice was constant for all the cells 148 used and was measured with a similar uncertainty as (1.27 ± 249 0.02) mm. To calculate the ClaUSing factor for the effusion cell 2SO used in the 'Whitmann-Motzfeldt equation J the distance from lSI the top of the evaporating material to the effusion orifice must lSl be known. These interior measurements are not accurately lS3 known. Fortunately, the results are not sensitive to these values) 254 especially in the case of very low evaporation coefficients. In 255 this work: as well as in previous experiments with silicon 2S6 monoxide powder, the height from the top of the evaporating 257 material to the effusion orifice was estimated as (10 ± 2) mm, 258 while the evaporating surface area was just taken as the internal 259 cross-sectional area of the inner tube with a diameter of (6.3 ± 260 0.2) mm.
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For an isothermal period, the mean mass loss rates of the 2 262 min averages described earlier are used as the mass loss rate in 1.63 eq 2, and the uncertainty in this quantity is estimated as the 2M standard deviation of the measured value. TypicallYJ the l65 predominant source of uncertainty in the calculation of Pm in l66 eq 2 is the mass loss rate. Nevertheless, the uncertainties in all l67 of these measured observables, (temperature! mass loss rate, 268 and cell geometry), on PmJ are considered! and these estimates 269 are added in quadrature as described in the earlier publication 2-70 for silicon monoxide.' 27 1
• RESULTS
' "
The rate of mass loss from several different effusion cells was 273 monitored over time at several specific temperatures. for the orifice J W BI the total mass lost during the isothermal period J m/mg. the duration of the isothermal period J th the computed loss rate and its estimated uncertaintyJ m/ (mg·min-1)J the factor) J, as given by eq 8 for each cell) and the value of the apparent) measured vapor pressure, P m/Pa) as given by eq 2 for each run. The area of the evaporating surface, AI for all cells was taken as the internal cross-sectional area of the cell (0.317 on 2 ), and the Clausing factor for all the cells, W AI was 0.412. 275 ward, the data from each of these cells at these specific 276 temperatures was plotted in the form given by eq 9. As noted 1n earlier, a linear fit to this form should give the equilibrium vapor l:ll pressure as the intercept and the evaporation coefficient may be 17Y computed from the slope. The raw data from each of the 2.30 experimental runs are given in Table 1 . These observables 281 include the cell temperature, orifice diameter and mass loss rate 182 given in columns 1,2, and 7) respectively. Quantities related to 283 the cell geometry are alsa given in the (10) 309 The code for this FITEXY subroutine was taken directly from 3HJ ref 24 . Another advantage of using this routine is that it 31: provides uncertainty estimates far both the slope and 311 interecept, and these were used to compute the estimated 313 uncertainties in the final quantities. Plots of each isotherm were made, and the weighted fits were compared to unweighted fits 314 to verify that the final data were not incorrectly influenced by 315 the weighting factors. In approximately half of the data points, 31" the unweighted and weighted results were essentially identical, 317 and in the remaining fraction, the results were only modestly 313 different. ] 
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These derived values are given in Table 2 . In constructing the no t2 'Whitmann-Motzfeldt plots, the data from Table 1 327 uncertainty is given in Figure 2 . These values range from 328 appro:timately 0.005 to 0.009, and there appears to be a slight 341 and mixtures of silicon and silica. 16 One focus of this work was 342 to study the stability of nominally amotphous sIDcon monoxide. 343 Rather than being a stable compound, research suggested that 344 silicon monoxide exists as an intimate mixture of silicon and 345 silica over very small domains. Data were taken by these 346 authors using multiple Knudsen cells and mass spectrometry. 347 Measured evaporation coefficients for the silicon/ silica l48 mixture were much smaller than those for the amorphous 349 silicon monoxide. For vitreous silica, these values reportedly 3SO ranged from 2.10-4 to 8.10-3 over the temperature range (1097 351 to 1489) K, while those for amorphous silicon monoxide were 352 approximately an order of magnitude higher. 16 In addition to 353 vitreous silica, Rocabois et al. also studied the evaporation 354 coefficients for the reaction of silicon with cristobalite, finding 355 even lower values of the evaporation coefficient for this 356 reaction. In this case, they r~orted a constant evaporation 35; coefficient of (1.1 ± 0.5),10-over the temperature range 358 (U72 to 1404) K Rocabois et 01. prOvided a fit to their 359 evaporation coefficient data for their vitreous silica and silicon 360 data, and this fit is shown as the solid line in Figure 2 . There is 361 some overlap between the data range covered by Rocabois et aI. 362 and the results presented in this work. and there seems to be 363 reasonable agreement between the magnitude of the evapo-364 ration coefficient in this range;. aJthougb the two sets of data 36S seem to follow very different temperature trends.
366
A plot of the equilibrium vapor pressure values from Table 2 367 is given in Figure 3 comparison is e:s:perimental data for silicon monoxide evaporation, 0 , reported in a previous study and a fit to these data, •
